Activation of the human pregnane X receptor (PXR; NR1I2) has potential therapeutic uses for inflammatory bowel disease (IBD). Imperatorin (IMP), a naturally occurring coumarin, is the main bioactive ingredient of Angelica dahurica Radix, which is regularly used to treat the common cold and intestinal disorders. However, there are no data on the protective effects of IMP against IBD.
Introduction
Inflammatory bowel disease (IBD) is a chronic, idiopathic, inflammatory disease in the gastrointestinal tract caused by a dysregulated immune response to host intestinal microflora. IBD primarily presents as either ulcerative colitis (UC) or Crohn's disease (CD) . Although the exact aetiology of IBD is still relatively unknown, the present prevailing view is that the development of IBD is associated with alterations in intestinal epithelial barrier function and dysregulation of the mucosal immune system (Ahmed, 2006; Kaser et al., 2010) . The most common symptoms of both UC and CD are recurring abdominal pain, diarrhoea, rectal bleeding and malnutrition. Conventional drugs such as sulfasalazine exhibit some side effects (Rogler, 2010) . While new biological therapies including TNF-α antagonists and integrin antagonists have improved the therapeutic effects against IBD, there are concerns regarding their potential side effects, toxicity, tolerability and high cost (Jobin, 2010; Gilroy and Allen, 2014) . Thus, new therapeutic drugs for IBD need to be developed.
The pregnane X receptor (PXR; SXR; NR1I2) is a ligand-activated transcription factor that is predominately expressed in the liver and intestine (Kliewer et al., 2002) . Once activated, PXR forms a heterodimer with the retinoid X receptor and binds to specific PXR response elements on the promoter of PXR target genes, such as cytochrome P450 3A4 (CYP3A4) and the ATP-binding cassette transporter ABCB1 [also known as multidrug resistance 1 (MDR1)], to control their transcription (Chen, 2008) . In addition to the well-established role of PXR as a xenobiotic sensor, recent studies have extended the role of PXR to the regulation of IBD. For instance, PXR and its target genes were shown to participate in maintaining intestinal epithelial barrier integrity (Roediger and Babidge, 1997; Venkatesh et al., 2014) . Specific polymorphisms in the PXR locus might cause a decrease in PXR activity and might be associated with increased susceptibility to IBD (Dring et al., 2006) , suggesting a role for PXR in the pathogenesis of IBD. In addition, the reciprocal repression of PXR and NF-κB revealed a potential molecular mechanism that links PXR and certain inflammation signalling pathways (Xie and Tian, 2006; Zhou et al., 2006) . Interestingly, activating PXR in mice ameliorated dextran sulphate sodium (DSS)-induced colitis by inhibiting the NF-κB proinflammatory pathway in the colon (Shah et al., 2007; Cheng et al., 2010) , suggesting a potential role for PXR agonists as therapeutic drugs to treat IBD.
Angelica dahurica Radix is a traditional Chinese medicine that is commonly used as a herbal anti-inflammatory medicine for the treatment of respiratory diseases and intestinal disorders Hwang et al., 2017) . In particular, in long-term clinical observations, A. dahurica Radix has been shown to substantially ameliorate the swelling and atrophic spots of colonic mucosal membranes in patients with colitis (Hwang et al., 2017) . The major biologically active components identified in A. dahurica Radix are coumarins, which attenuate allergic inflammatory responses (Li and Wu, 2017) . Imperatorin (IMP), a naturally occurring coumarin, is one of the most abundant coumarins in A. dahurica Radix (up to 1% of total content). Several studies have indicated that IMP suppresses the expression of key pro-inflammatory factors such as inducible NOS (iNOS), COX-2, TNF-α and NF-κB (Guo et al., 2012; Huang et al., 2012) . However, there is currently limited research analysing the potential of IMP to treat IBD. Therefore, in the present study, we hypothesized that IMP could activate the transcriptional activity of PXR and act as a PXR agonist, inducing the expression of CYP3A4 and MDR1 in a model cell-line through a series of in vitro measurements. Additionally, we used in vitro and in vivo models to explore the effects of IMP on inflammation and IBD and to reveal the underlying mechanisms mediated by PXR activation.
Methods

Cell culture
The human intestinal epithelial cell lines HCT116 and LS174T, the human acute monocytic leukaemia cell line THP-1 and the HEK293T cell line were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM with 10% FBS, 100 U·mL À1 penicillin, 100 μg·mL À1 streptomycin and 2 mM L-glutamine at 37°C
in a humidified incubator containing 5% CO 2 . The cell medium was replaced with fresh medium every 2 days. Cells were passaged upon reaching~80% confluence.
PXR transactivation assay
HCT116 cells were transfected with pCMV6-entry (100 ng per well), pCMV6-mPXR (100 ng per well), pCMV6-XL4-hPXR (100 ng per well), pGL3-CYP3A4-luc (100 ng per well) and pGL3-CMV Renilla luciferase plasmids (10 ng per well) using FuGENE 6. At 24 h after transfection in growth medium, approximately 1 × 10 4 live cells were plated in each well of a 96-well culture plate and cultured for an additional 24 h in phenol red-free DMEM supplemented with 1% charcoal-dextran-treated FBS. Transfected cells were treated with 0.1 mL fresh supplemented culture medium containing DMSO (1% v.v -1 ; vehicle control), rifampicin (10 μM), pregnenolone-16α-carbonitrile (PCN; 10 μM), ketoconazole (2.5 μM) or IMP (6.25-25 μM) for 24 h. At the end of the treatment period, the cells were lysed, and their luminescence was determined by a luciferase assay using the Dual-Glo luciferase reporter assay system and Enspire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA).
Mammalian two-hybrid assay
The mammalian two-hybrid assay was performed as described previously by Lau et al. (2012) . Briefly, 5 h after being plated, cultured HEK293T cells were co-transfected with VP16-SXR-ligand-binding domain (LBD; 40 ng per well), or VP16-SXR-ΔAF2 LBD (40 ng per well), or VP16 empty vector (40 ng per well), GAL4 steroid receptor coactivator 1-receptor-interacting domain ((SRC-1-RID), pGL4.74 (hRluc/TK) as an internal control plasmid (10 ng per well) and pFR-luc (100 ng per well). At 24 h after transfection, the cells were treated with 0.1 mL fresh supplemented culture medium containing DMSO, IMP (6.25-25 μM) or rifampicin (10 μM) for 24 h. A Dual-Glo luciferase reporter assay was used to measure luciferase activity.
Competitive ligand-binding assay
A LanthaScreen time-resolved (TR)-FRET PXR competitive binding assay was conducted according to the manufacturer's protocol (#PV4839; Invitrogen, Carlsbad, CA, USA). Briefly, the assay was performed in a volume of 20 μL in 384-well black plates containing GST-hPXR ligand-binding domain (5 nM), fluorescence-labelled hPXR agonist (40 nM; Fluomore PXR Green), terbium-labelled anti-GST antibody (5 nM) in the presence of DMSO, IMP (6.25-25 μM), SR12813 (10 μM) or PCN (10 μM). The reaction mixture was incubated at 25°C for 20 min, and then TR-FRET was measured using an Enspire Multimode Plate Reader (PerkinElmer) with an excitation wavelength of 340 nm and emission wavelengths of 520 nm (fluorescein emission) and 495 nm (terbium emission). The TR-FRET ratio was calculated by dividing the emission signal at 520 nm by that at 495 nm. The background TR-FRET ratio was determined from wells containing the same reagents as the vehicle-treated control group but without the PXR ligand-binding domain. The net TR-FRET ratio was calculated by subtracting the background TR-FRET ratio from the TR-FRET ratio.
RNA isolation and quantitative RT-PCR
Total RNA was extracted from samples using TRIzol reagent. The quality and quantity of total RNA were determined using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription was performed using the SuperScript™ VILO™ cDNA Synthesis Kit, and qPCR was carried out using TaqMan gene expression assays (Applied Biosystems, Carlsbad, CA, USA) in an ABI StepOnePlus system (Applied Biosystems) according to the manufacturer's protocol. The following TaqMan probes were used: hPXR (Hs01114267_m1, Mm01344139_m1),
, COX-2 (Hs00153133_m1), ICAM1 (Hs00164932_m1) and GAPDH (Hs02786624_g1, Mm99999915_g1). For standardization and quantification, GAPDH mRNA was amplified simultaneously. The comparative Ct method was used to estimate the relative quantification for gene expression according to the following formulae: ΔCt = Ct (test gene) À Ct (GAPDH); ΔΔCt (test gene) = ΔCt (test gene in treatment group) À ΔCt (test gene in vehicle control group); mRNA expression fold change = 2 ÀΔΔCt , which indicates the relative mRNA level of the corresponding transcript compared with control samples.
Western blotting analysis
Samples from cells and mouse colon tissues (100-200 mg) were rinsed in cold PBS (pH 7.4), lysed, homogenized in RIPA lysis buffer containing a cocktail of protease inhibitors on ice and centrifuged at 12 000× g for 15 min at 4°C. The supernatant was collected, and the protein concentration was measured using a bicinchoninic acid assay. Equal concentrations of protein were separated using a 10% SDS-PAGE (Bio-Rad Laboratories, Hercules, CA, USA) and transferred to Immuno-Blot PVDF membranes (0.2 μm; Bio-Rad Laboratories). The membranes were then blocked with 5% BSA in Tris-buffered saline containing 0.1% Tween 20 and incubated overnight at 4°C with primary antibodies targeting PXR (1:500), MDR1 (1:1000), CYP3A4 (1:3000), NF-κB p65 (1:1000), phospho-p65 (1:1000), IκBα (1:1000), phospho-IκBα (1:1000) and GADPH (1:3000). The blots were then incubated with HRP-conjugated secondary antibodies and detected by enhanced chemiluminescence using Molecular Imager ChemiDOC™ XBS imaging systems (Bio-Rad Laboratories).
Analysis of CYP3A4 activity
Ultra-HPLC/tandem MS (UPLC-MS/MS) (AB SCIEX™, Framingham, MA, USA) was used to determine the concentration of 1 0 -hydroxymidazolam to analyse CYP3A4 catalytic activity. In the present study, LS174T cells (~100 000 cells per well) were plated in each well of a 48-well culture plate and treated with DMSO, rifampicin, IMP or ketoconazole for 48 h; the culture medium was then removed and supplemented with fresh medium containing midazolam (10 μM). After 4 h incubation, the supernatant (100 μL) was collected, and 200 μL acetonitrile with 100 ng·mL À1 midazolam-D4 maleate (internal standard) was added; the mixture was then vigorously vortexed and centrifuged, and 10 μL supernatant was analysed by UPLC-MS/MS. Chromatographic separation of 1 0 -hydroxymidazolam was carried out using a Waters ACQUITY BEH C18 column (2.1 × 50 mm, 1.7 μm) in a Waters ACQUITY UPLC System. The flow rate was 0.7 mL·min
À1
with the following gradient elution: 0-0.2 min: 10-20% acetonitrile, maintained for 1.0 min, followed by 20% acetonitrile until 1.2 min, and a gradient to 90% acetonitrile for 0.3 min and an isocratic step to 90% acetonitrile for 0.5 min, at 2.05-2.5 min: 90-10% acetonitrile. MS/MS quantification was performed on multiple reaction monitoring mode with a positive electrospray ionization interface using [M + H] + ions: m/z 342 → m/z 324 for 1 0 -hydroxymidazolam and m/z 330 → m/z 295 for midazolam-D4 maleate (internal standard), with a dwell time of 40 ms. The MS parameters were optimized as follows: ion spray voltage was set at +3.5 kV, the heater gas temperature was set at 350°C and declustering potential and collision energy were set at 70 and 30 V for 1 0 -hydroxymidazolam and 120 and 35 V for midazolam-D4 maleate.
Molecular modelling and docking study
Two-and three-dimensional structural information of the compound was obtained from PubChem (https://pubchem. ncbi. nlm. nih.gov/). Molecular modelling was conducted with the SYBYL program package. IMP was set as the template. Its conformation was searched and identified by energy minimization using the MMFF94 force field with the Powell conjugate gradient minimization algorithm and a convergence criterion of 0.005 kcal·mol À1 ·Å À1 . The MMFF94 charge was used to calculate partial atomic charges. All other parameters were set to default. The four-letter PDB code (1M13) of hPXR, with a resolution of 2.15 Å, was retrieved from PDB. The crystal structure of hPXR was subjected to geometry optimization through Swiss PDB viewer v4.1.0. The structure of the compound IMP was prepared for docking using SYBYL-X2.1.1 software. The execution of molecular docking analysis and visualization were carried out using Surflex-Dock. The co-crystalized structure was prepared using SYBYL-X2. Fluorescence images were obtained using a confocal laser scanning microscope (Leica, Wetzlar, Germany) or a fluorescence microscope (Nikon, Tokyo, Japan).
Animals and treatment
All animal care and experimental studies were approved by and in accordance with the guidelines of the Animal Ethics Committee of Guangzhou University of Chinese Medicine. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Eight-week-old male C57BL/6 mice (18-20 g) were purchased from the Animal Laboratory Centre of Guangdong Province (Guangzhou, China). They were kept in a specific pathogenfree animal facility at a constant temperature of 22°C and a relative humidity of 50-70%, with a 12 h light/dark cycle and free access to food and water. The mice were acclimatized to laboratory conditions for 3 days before experimentation. Experimental colitis was induced by the administration of DSS as previously described (Zhang et al., 2015b 
Evaluation of colitis
Daily observation for signs of colitis, such as weight loss, diarrhoea and rectal bleeding, was performed and recorded. Mice were killed under anaesthesia with ether using a desktop rodent anaesthesia ventilator (RWD Life Science Co., Ltd., Shenzhen, China). Colons were immediately removed, and the total length of the colon was measured. Portions of the colons were stored at À80°C for further experiments. Portions of the colons were fixed in 10% formalin, embedded in paraffin, processed for routine haematoxylin and eosin (H&E) staining of sections and then examined under a light microscope (Leica). The histological scores of H&E-stained colon specimens were assessed by two pathologists in a blinded fashion. Histological sections were scored using a validated scoring system as described by Dou et al. (2014) .
Measurement of colon/cell supernatant inflammatory cytokines
Mouse colon segments were homogenized in ice-cold PBS. After centrifugation at 3000× g for 10 min at 4°C, colon inflammatory cytokines (such as TNF-α and IL-1β) in supernatant homogenates were quantified, according to the manufacturer's instructions and guidelines, using ELISA kits (Cusabio, Houston, TX, USA) specific for the mouse inflammatory cytokines indicated. The results are expressed in pg·g À1 of tissue in each sample. Cell culture supernatants were collected and analysed in the same manner described above.
Determination of colon myeloperoxidase activity
To monitor the degree of inflammation, tissue myeloperoxidase (MPO) activity, which is linearly related to neutrophil infiltration in inflamed tissues, was evaluated in the inflamed colon samples. MPO activity was measured in colon tissue samples as described by Hillegass et al. (1990) , and the values are expressed as U·g À1 of tissue in each sample.
Immunohistochemistry
Mouse colon tissue samples were fixed with 10% formalin for 24 h, dehydrated and embedded in paraffin. Standard immunohistochemical procedures were performed. Tissue sections were incubated with the primary antibody (rabbit monoclonal NF-κB p65 antibody, or rabbit polyclonal PXR antibody) at 4°C overnight, followed by incubation with a streptavidin-biotin-peroxidase-conjugated secondary antibody for 30 min at room temperature. For the negative control, the primary antibody was replaced with 1% nonimmune serum in PBS. The immunohistochemical staining of NF-κB p65 and PXR was scored by measuring the integrated optical density (OD) of at least three images of each slice using Image Pro-Plus 6.0 software (Media Cybernetics, Rockville, VA, USA).
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018) . All results in the figures and text are expressed as the mean ± SEM. The data were evaluated using GraphPad Prism Version 6.0 (GraphPad Software, La Jolla, CA, USA). The statistical significance of multiple comparisons was analysed using one-way ANOVA followed by post hoc Bonferroni's test when F achieved P < 0.05 and there was no significant variance inhomogeneity. The difference between two groups was analysed using Student's unpaired t-test. A value of P < 0.05 was considered statistically significant for all tests.
Materials
Rifampicin, DMSO, PCN, LPS, ketoconazole, TNF-α and SR12813 were purchased from Sigma-Aldrich (St. Louis, MO, USA). IMP (>98.3% purity) was obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Guangzhou, China). DSS (MW: 36-50 KDa) was acquired from MP Biomedicals (Santa Ana, CA USA). DMEM, FBS, TRIzol, the LanthaScreen™ TR-FRET PXR competitive binding assay system, Applied Biosystems Fast TaqMan Master Mix and charcoal-dextran-treated FBS were purchased from Thermo Fisher Scientific. The pCMV6-entry, pCMV6-mPXR and pCMV6-XL4-hPXR plasmids were obtained from OriGene (Rockville, MD, USA). The NF-κB reporter vector pGL4.32 (luc2P/NF-κB-RE/Hygro), FuGENE 6 and Dual-Glo luciferase reporter assay system were purchased from Promega (Madison, WI, USA). The pGL3-CYP3A4-luc and pGL3-CMV Renilla luciferase plasmids were kindly provided by Dr Ming Huang (College of Pharmacy, Sun Yet-sen University, Guangzhou, China). The other plasmids, including GAL4 SRC1-RID, VP16-SXR-LBD and VP16 SXR-ΔAF2 LBD expression plasmids, were constructed as described previously by Takeshita et al. (2006) (GiMan Biotech, Shanghai, China). The PXR (ab85451 for human and ab192579 for mouse), CYP3A4 (ab124921 for human and ab197053 for mouse), MDR1 (ab170904), GAPDH (ab8245) and PCNA (ab18197) primary antibodies were purchased from Abcam (Cambridge, UK). NF-κB p65 (#8242), phospho-p65 (#3033), IκBα (#4812) and phospho-IκBα (#2859) were purchased from Cell Signaling Technology (Danvers, MA, USA). The RT-PCR TaqMan probes for human PXR, CYP3A4, MDR1, iNOS, COX-2, ICAM1, GAPDH, mouse PXR, Cyp3a11, Mdr1 and GAPDH were purchased from Invitrogen. Mouse TNF-α and IL-1β ELISA kits were purchased from R&D Systems (Minneapolis, MN, USA).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c) .
Results
IMP activates PXR transactivation of CYP3A4 promoter activity
It has been shown that PXR target gene expression (e.g. CYP3A4) in the liver and intestine is mediated by a broad variety of xenobiotics, including therapeutic and herbal components (Dussault et al., 2003) . To characterize the regulation of PXR function by IMP, we examined its effect on hPXR-regulated CYP3A4 promoter activity in HCT116 intestinal cells (Figure 1 ). The cells were transiently transfected with the CYP3A4-luc and pCMV6-entry plasmids, as well as hPXR or mouse PXR (mPXR), and treated with rifampicin or IMP. IMP, like rifampicin, significantly increased CYP3A4 promoter activity dose-dependently in an hPXR-dependent manner in HCT116 cells ( Figure 1A ). Likewise, IMP, like the mPXR agonist PCN, induced the transactivation of CYP3A4 promoter activity by mPXR ( Figure 1B ), indicating that IMP also activates mPXR. Therefore, these results indicate that IMP, like rifampicin and PCN, activates hPXR/mPXR-mediated CYP3A4-luc reporter activity in the HCT116 cell line.
Interactions between IMP and hPXR
Next, we investigated the mechanism surrounding the activation of hPXR by IMP. As it has been shown that steroid receptor coactivator 1 (SRC-1) contributes to the ligandinduced activation of hPXR (Sui et al., 2012; Wang et al., 2013) , we first examined whether IMP treatment recruited SRC-1 to the ligand-binding domain of hPXR in mammalian two-hybrid assays, in which the interactions between hPXR and SRC-1 induced by the hPXR agonist result in specific reporter activity (Sui et al., 2012; Wang et al., 2013) . GAL4SRC-1 interacted with VP16 SXR-LBD, but not VP16, in the presence of IMP -like rifampicin (positive control) -in a dose-dependent manner ( Figure 2A ). It has been reported that the C-terminal region of the LBD [activation function 2 (AF-2)] is conserved, and deletion or mutation in this region impairs transcriptional activity without changing either the ligand-or DNA-binding affinities (Berrevoets et al., 1998; Takeshita et al., 2013) . Nuclear receptor ligands induce major conformational changes in the AF-2 region, resulting in ligand-binding receptors interacting with coactivators (Smith and O'Malley, 2004) . In the present study, we found that neither rifampicin nor IMP induced an increase in luciferase activity using the C-terminal truncated AF2 mutant VP16-SXR-ΔAF2 LBD (Figure 2A ), indicating that IMP-bound PXR recruited coactivators in an AF2-dependent manner.
The recruitment of SRC-1 by IMP in the cell-free system indicated that IMP, similar to rifampicin and other PXR agonists, directly binds to the hPXR-LBD. To confirm this hypothesis, a TR-FRET competitive hPXR-LBD binding assay was performed.
As shown in Figure 2B , IMP significantly decreased the TR-FRET emission ratio, dose-dependently, compared with the vehicle control. SR12813, a potent hPXR agonist, markedly decreased the TR-FRET emission ratio as a positive control, while PCN, the negative control, had no effect, as predicted. Furthermore, we docked small molecules to the protein and analysed the docking score. Molecular docking studies found that a compound with a high docking score (total score and Cscore) might have strong activity against the targeted receptor. The docking studies gave a total score, Cscore and unified Cscore of 8.7496, 5 and 3, respectively, indicating that IMP and hPXR may participate in many reactions. In the present work, the best-docked conformation of IMP was analysed according to its potency. Our results show that IMP bound to the inside of the hPXR-LBD domain, based on the hydrogen and hydrophobic interactions ( Figure 2C-E) . Interaction analysis revealed that IMP had hydrogenbonding interactions with residues Lys 210 and Leu 209 in different directions ( Figure 2C ). Furthermore, we investigated the effects of other factors, such as van der Waals forces and contacts from the surrounding residues, on the hPXR binding site. IMP induces CYP3A4 and MDR1 expression and CYP3A4 activity in LS174Tcells
LS174T colon adenocarcinoma cells have been shown to express endogenous hPXR, CYP3A4 and MDR1; therefore, they were used as an intestinal cell model to study the function of hPXR (Wang et al., 2013) . To verify the results of the reporter gene assay, we sought to determine whether IMP could induce the expression of CYP3A4 and MDR1 in LS174T cells. Like rifampicin, IMP treatment increased the levels of CYP3A4 and MDR1 mRNA in a dose-dependent manner ( Figure 3A) , with a much greater increase in CYP3A4 mRNA levels than in MDR1 mRNA levels (~7-fold vs.~2.3-fold at the highest concentration of IMP). The increase in mRNA expression at the highest concentration of IMP (25 μM) was comparable with that observed with rifampicin (10 μM). However, like rifampicin, IMP had little effect on increasing the expression of hPXR mRNA. Consistent with the increase in mRNA levels, the protein levels of CYP3A4 and MDR1 also increased after treatment with IMP in a dose-dependent manner ( Figure 3B ). It has been reported that increased CYP3A4 gene expression is functionally correlated to increased CYP3A4 enzymatic activity. To determine the functional relevance of the IMP-induced increase in CYP3A4 activity, we measured the concentration of 1 0 -hydroxymidazolam, a specific probe of CYP3A4-mediated midazolam hydroxylation enzymatic activity, in LS174T cells pretreated with rifampicin, ketoconazole or IMP, followed by the addition of midazolam. Our data show that rifampicin strongly elevated CYP3A4 enzymatic activity (~2.5-2.8-fold), whereas ketoconazole, a typical CYP3A4 enzyme inhibitor and PXR antagonist, inhibited CYP3A4 enzymatic activity as expected ( Figure 3C ). Consistent with the increase in CYP3A4 gene expression levels, IMP significantly increased CYP3A4 enzymatic activity in a concentration-dependent manner (~1.35-1.85-fold, Figure 3C ). Taken together, the results show that IMP-mediated activation of CYP3A4 is dependent on the activation of hPXR.
Genetic knockdown of hPXR decreases IMP-induced hPXR target gene expression
To confirm that the IMP-mediated activation of CYP3A4 and MDR1 in LS174T cells required hPXR, we tested the effect of Figure 1 IMP activates the PXR transactivation of CYP3A4 promoter activity. HCT116 cells were transfected with pGL3-CYP3A4-luc (100 ng per well), as well as empty vector pCMV6-entry (100 ng per well), (A) pCMV6-XL4-hPXR (100 ng per well) or (B) pCMV6-mPXR (100 ng per well) plasmids. pGL3-CMV Renilla luciferase control reporter vectors were used as the transfection control. After 24 h transfection, cells were treated with DMSO, rifampicin (RIF; 10 μM), ketoconazole (KET; 2.5 μM), PCN (10 μM) or IMP (6.25-25 μM) as indicated for another 24 h. CYP3A4 promoter activity is presented as relative luciferase units after being normalized against the Renilla luciferase internal control. Data are expressed as the mean ± SEM from five independent experiments. * P < 0.05 compared with the same treatment group transfected with empty vector, and the DMSO control group transfected with the receptor expression plasmid.
IMP on the expression of CYP3A4 and MDR1 when hPXR expression was knocked down in LS174T cells. After 24 h transfection with siPXR or control siRNA, cells were treated with DMSO, rifampicin or IMP for 48 h; gene expression and protein activity were analysed by qRT-PCR and Western blotting respectively. As expected, transfection with siPXR reduced PXR expression levels by approximately 50-60% compared with control siRNA (Figure 4A, B) . CYP3A4 and MDR1 mRNA levels were elevated after treatment with rifampicin and IMP in transfected control siRNA cells ( Figure 4A, B) . Notably, PXR knockdown largely abolished rifampicin-and IMP-mediated CYP3A4 and MDR1 activation, indicating that hPXR is an essential regulator of IMP-induced CYP3A4 and MDR1 expression ( Figure 4A , B). After knocking down hPXR, the transfection of cells with siPXR resulted in a loss of IMP-or rifampicin-mediated increase in CYP3A4 enzymatic activity compared with the control siRNA ( Figure 4C ). Therefore, hPXR is necessary for IMP to activate the expression of the hPXR target genes CYP3A4 and MDR1.
IMP-mediated hPXR activation suppresses NF-κB activity and activation and down-regulates NF-κB-mediated pro-inflammatory cytokine production Next, we sought to determine whether IMP reduces inflammation by blocking NF-κB activation and NF-κB p65 nuclear translocation in vitro. Interestingly, IMP treatment dosedependently reversed the LPS-induced increase in the levels of pro-inflammatory cytokines including TNF-α, IL-1β and IL-6 ( Figure 5A ), indicating that IMP serves as a potent antiinflammatory agent. However, IL-10 levels were unchanged after treatment with IMP ( Figure 5A ). Consistent with the reduced production of pro-inflammatory cytokines, phosphorylated NF-κB p65 and phosphorylated IκBα protein levels were substantially suppressed by IMP treatment, although the total NF-κB p65 protein levels remained unaffected ( Figure 5B ). However, IMP treatment remarkably prevented the LPS-induced degradation of the NF-κB inhibitor protein IκBα ( Figure 5B ). Furthermore, to explore whether the antiinflammatory role of IMP was associated with the inhibition of NF-κB p65 nuclear translocation, we measured NF-κB p65 protein expression levels in the nucleus by Western blotting and immunofluorescence staining respectively. Our results showed that IMP reduces NF-κB p65 protein expression in the nucleus and blocks NF-κB p65 translocation to the nucleus ( Figure 5C, D) . Next, we investigated whether the IMP-mediated suppression of inflammation was dependent on the activation of hPXR by IMP. Hence, a PXR-mediated NF-κB inhibition reporter assay was performed. Exposure to TNF-α, an activator of the NF-κB pathway, significantly elevated NF-κB luciferase activity (~14-fold) in cells transfected with the NF-κB-luc reporter and empty vector ( Figure 6A ). However, NF-κB luciferase activity was suppressed by IMP or rifampicin treatment dose dependently after hPXR transfection ( Figure 6A) ; no decrease in NF-κB luciferase activity was found after treatment with IMP or TNF-α in the empty vector ( Figure 6A ). More interestingly, IMP at the highest concentration of 25 μM had no effect on basal NF-κB luciferase activity ( Figure 6A ). It has been shown that stimuli, including pro-inflammatory cytokines, ROS and viral products, can induce the phosphorylation and degradation of IκBα, allowing NF-κB to translocate to the nucleus and directly regulate the expression of target genes (Cheng et al., 2012) . To further test whether the IMP-mediated inhibition of NF-κB luciferase activity was dependent on blocking NF-κB p65 nuclear translocation, we performed immunofluorescence staining analysis. The nuclear levels of NF-κB p65, due to nuclear translocation, were increased in LS174T cells treated with TNF-α, whereas IMP or rifampicin treatment inhibited NF-κB p65 nuclear translocation ( Figure 6B ). Furthermore, LPS exposure resulted in a substantial decrease in IκBα protein levels, as well as a significant increase in phosphorylated NF-κB p65 and phosphorylated IκBα protein levels ( Figure 6C ). In contrast, IMP or rifampicin treatment substantially increased IκBα protein levels and consequently repressed the levels of phosphorylated NF-κB p65 and phosphorylated IκBα without affecting total NF-κB p65 levels ( Figure 6C ). To further clarify the inhibitory effect of IMP on the nuclear translocation of NF-kB p65 induced by LPS, we measured NF-kB p65 protein levels in the cytoplasm and in the nucleus. LPS stimulation caused an increase in NF-kB p65 protein levels in the nucleus ( Figure 6D ). However, IMP or rifampicin treatment significantly blocked the nuclear translocation of NF-κB p65 ( Figure 6D ).
These results suggest that IMP suppresses NF-κB activity by preventing IκBα phosphorylation/degradation and blocking the nuclear translocation of NF-κB p65. To determine the effect of IMP on the expression of NF-κB signalling genes, the mRNA levels of several pro-inflammatory genes were assessed by qRT-PCR in LS174T cells. The mRNA levels of pro-inflammatory genes including IL-1β, ICAM1, iNOS and COX-2 were remarkably elevated after LPS exposure in LS174T cells ( Figure 6E ). Furthermore, like rifampicin, IMP dramatically reduced the LPS-induced increase in the mRNA expression levels of these pro-inflammatory cytokines in a dose-dependent manner ( Figure 6E ). Taken together, our results suggest that IMP exerts an anti-inflammatory effect through PXR/NF-κB signalling.
Genetic knockdown of hPXR (NR1I2) suppresses IMP-mediated inhibition of pro-inflammatory gene expression
To further validate that the activation of hPXR by IMP suppresses the expression of pro-inflammatory genes, we evaluated the effects of hPXR (NR1I2) knockdown on the IMP-induced inhibition of pro-inflammatory gene expression. LS174T cells were transiently transfected with siPXR or Imperatorin attenuates DSS-induced colitis control siRNA. After transfection, the cells were treated with IMP or rifampicin, followed by additional exposure to LPS. The mRNA expression levels of pro-inflammatory genes were determined by qRT-PCR. In transfected control siRNA cells, the expression of pro-inflammatory genes was significantly reduced after IMP or rifampicin treatment ( Figure 7A ). In contrast, the inhibitory effect on pro-inflammatory gene expression was largely abolished in cells transfected with siPXR ( Figure 7A ). Consistent with the expression of proinflammatory genes, hPXR knockdown almost completely abolished the inhibitory effect of IMP on the nuclear translocation of NF-κB p65 ( Figure 7B ).
IMP attenuates DSS-induced colitis
Several reports have indicated that IMP attenuates LPSinduced inflammation in vitro (Guo et al., 2012; Huang et al., 2012) . It remains unclear, however, whether IMP is also effective against experimental colitis in vivo. To address this question, we extended our study to confirm the effects of IMP against DSS-induced colitis in mice. DSS administration induced a significant loss of body weight, bloody diarrhoea, colon shortening and neutrophil infiltration in our mouse model (Figure 8 ). Interestingly, IMP treatment strongly ameliorated DSS-induced body weight loss ( Figure 8A ), bloody diarrhoea ( Figure 8B ) and colon shortening ( Figure 8C, D) . In addition, histological studies showed that IMP treatment of mice with DSS-induced colitis caused a significant improvement in colon crypt structures and alleviated the histological damage associated with inflammation ( Figure 8E, F) .
IMP activates the PXR and inhibits NF-κB signalling in inflamed mouse colons
We finally sought to determine whether the antiinflammatory effect of IMP was related to the activation of the PXR and to the repression of NF-κB signalling in inflamed mouse colons. First, we investigated whether IMP activates mPXR signalling in healthy mice, even though substantial Figure 5 IMP decreases the production of pro-inflammatory cytokines by supressing the NF-κB signalling pathway in LPS-induced THP-1 cells. (A) THP-1 cells were pretreated with 6.25, 12.5 or 25 μM IMP for 24 h, followed by additional exposure with or without LPS (1000 ng·mL À1 ) for another 24 h. Pro-inflammatory cytokines including TNF-α, IL-1β, IL-6 and IL-10 in culture supernatants were measured by ELISA. Data are expressed as the mean ± SEM from five independent experiments. # P < 0.05 compared with the DMSO control group. * P < 0.05 compared with the LPS control group. (B) The total NF-κB p65, phospho-p65 (p-p65), IκBα and phospho-IκBα (p-IκBα) protein levels in LPS-induced THP-1 cells were determined by Western blotting. The numbers at the bottom indicate the relative intensity of the protein bands, with the DMSO-treated sample set as '1.00'.
(C) NF-κB p65 protein levels in the cytoplasm and nucleus of LPS-stimulated THP-1 cells were determined by Western blotting. GAPDH and PCNA were used as cytoplasmic and nuclear markers respectively. The numbers at the bottom indicate the relative intensity of the protein bands, with the DMSO-treated sample set as '1.00'. (D) NF-κB p65 localization was performed using immunofluorescence staining and observed under a fluorescence microscope (magnification: 400×) using an anti-NF-κB p65 antibody (1:50) followed by an Alexa Fluor 488-conjugated detection antibody.
Figure 6
IMP suppresses LPS-induced NF-κB activity and down-regulates NF-κB-mediated pro-inflammatory gene expression in LS174T cells. (A) HEK293T cells were transiently transfected with pGCL4.32 (luc2P/NF-κB-RE/Hygro) NF-κB reporter, pCMV6-entry or pCMV6-XL4-hPXR, and pRL-TK. After transfection overnight, cells were treated with DMSO, IMP (6.25-25 μM) or rifampicin (RIF; 10 μM) for 24 h, followed by additional incubation with or without TNF-α (20 ng·mL À1 ) for another 24 h. A standard dual luciferase assay was performed on the cell lysates. Results are expressed as fold changes compared with the DMSO control. Data are expressed as mean ± SEM from five independent experiments. # P < 0.05 compared with the TNF-α group with or without hPXR. * P < 0.05 compared with the same treatment group transfected with empty vector and the TNF-α group transfected with the receptor expression plasmid. (B) LS174T cells were treated with DMSO, IMP (25 μM) or rifampicin (10 μM) for 48 h, followed by additional incubation with or without TNF-α (20 ng·mL À1 ) for 24 h. NF-κB p65 localization was performed using immunofluorescence staining and observed under a confocal laser scanning microscope (magnification: 630×) using an anti-NF-κB p65 antibody (1:50) followed by an Alexa Fluor 488-conjugated detection antibody. (C) NF-κB p65, phospho-p65 (p-p65), IκBα and phospho-IκBα (p-IκBα) protein levels in LS174T cells were determined by Western blotting. The numbers at the bottom indicate the relative intensity of the protein bands, with the DMSO-treated sample set as '1.00'. (D) NF-κB p65 protein levels in the cytoplasm and nucleus of LS174T cells were determined by Western blotting. GAPDH and PCNA were used as cytoplasm and nuclear markers respectively. The numbers at the bottom indicate the relative intensity of the protein bands, with the DMSO-treated sample set as '1.00'. (E) The mRNA levels of IL-1β, ICAM1, iNOS and COX-2 were determined using qRT-PCR. LS174T cells were treated with DMSO, IMP (6.25-25 μM) or rifampicin (10 μM) for 48 h, followed by additional exposure to LPS (2000 ng·mL À1 ) for 24 h. Results are expressed as fold changes compared with the DMSO control. Data are expressed as mean ± SEM from five independent experiments. # P < 0.05 compared with the DMSO control group. * P < 0.05 compared with the LPS control group.
Imperatorin attenuates DSS-induced colitis
research has identified IMP as a PXR agonist in vitro. Therefore, we investigated the expression levels of mPXR in the colons of healthy mice. IMP treatment for 7 days at a dosage of 100 mg·kg À1 notably increased Cyp3a11 and Mdr1 expression with little effect on the gene expression of mPXR ( Figure 9A ), indicating that IMP activates mPXR signalling in vivo. In line with the results of previous studies (Kusunoki et al., 2014; Hu et al., 2015; Zhang et al., 2015a) , treatment of mice with DSS for 7 days notably down-regulated the expression of colonic mPXR signalling and inhibited the increased expression of its target genes, Cyp3a11 and Mdr1, in the colon ( Figure 9B, C) . However, treatment with IMP strongly attenuated the DSSinduced decline in colonic mPXR expression ( Figure 9B, C) . Moreover, immunoblot analysis showed that the DSS-induced phosphorylation of NF-κB p65 and IκBα was also blocked by IMP treatment (Figure 9D ), suggesting that IMP-mediated mPXR activation could effectively suppress DSS-induced colonic inflammation in mice. Consistent with the activation of mPXR and the suppression of NF-κB signalling, our immunohistochemical results also showed that IMP treatment significantly enhanced mPXR (Nr1i2) expression and downregulated NF-κB p65 protein expression in inflamed colons compared with mice treated with DSS alone ( Figure 9E ). Finally, IMP treatment significantly decreased the DSS-induced up-regulation of pro-inflammatory cytokines such as TNF-α and IL-1β ( Figure 9B ) and suppressed the DSS-triggered activation of MPO activity ( Figure 9B ), which is a biochemical marker of lipid peroxidation. Therefore, IMP, like the mouse PXR agonist PCN, exhibited inhibitory effects against DSSinduced colitis in mice, as expected ( Figure 9 ). In summary, our data indicate that IMP-mediated mPXR activation significantly suppresses DSS-induced colitis by affecting the PXR/NF-κB signalling pathways.
Discussion
To our knowledge, this is the first study showing that IMP can increase CYP3A4 expression in an hPXR-dependent manner. IMP-mediated PXR activation significantly inhibited NF-κB activity and decreased the expression of several inflammatory factors. Furthermore, IMP treatment significantly increased intestinal mPXR (Nr1i2) expression and inhibited the phosphorylation of NF-κB p65, leading to a reduction in the accumulation of pro-inflammatory cytokines and a reduction in the hallmarks of colitis in DSS-treated mice, such as weight loss, bloody diarrhoea, colon shortening and histological damage. Collectively, our findings suggest that IMPmodulated PXR activation ameliorates the effects of DSS-induced colitis by suppressing the PXR-mediated NF-κB pro-inflammatory signalling pathway. The concentrations and dosage of IMP administered in our cell culture model and mouse colitis model were estimated based on information from previous reports (Zhang et al., 2017) . As the major active component of A. dahurica Radix, IMP accounts for 0.4-1.0% of its content. A. dahurica Radix is a widely used Chinese medicine for its antiinflammatory effects, and its average daily consumption in China is around 30 g (~120-300 mg IMP), based on the Chinese Pharmacopoeia (Commission CP, 2010) . Given that the average body weight of a Chinese adult is 60 kg, the theoretical dosage for mice should be 22-55 mg·kg À1 . In the
Figure 7
Knockdown of hPXR attenuated IMP-mediated suppression of pro-inflammatory gene expression in LS174T cells. (A) Cells were transiently transfected with hPXR siRNA and control non-silencing siRNA. After transfection for 48 h, the cells were treated with DMSO, IMP (25 μM) or rifampicin (RIF; 10 μM) for another 48 h, followed by additional exposure to LPS (2000 ng·mL À1 ) for 24 h. The mRNA expression levels of IL-1β, ICAM1, iNOS and COX-2 were determined by qRT-PCR. Results are expressed as fold changes compared with DMSO control. Data are expressed as mean ± SEM from five independent experiments. # P < 0.05 compared with DMSO group. * P < 0.05 compared with the same treatment group.
(B) LS174T cells were transiently transfected with hPXR siRNA and control non-silencing siRNA for 24 h and then treated with DMSO, IMP (25 μM) or rifampicin (10 μM) for another 48 h, followed by an additional incubation with or without TNF-α (20 ng·mL À1 ) for 24 h. NF-κB p65 localization was performed using immunofluorescence staining and observed under a confocal laser scanning microscope (magnification: 630×) using an anti-NF-κB p65 antibody (1:50) followed by an Alexa Fluor 488-conjugated detection antibody.
present study, we treated DSS-induced colitis mice with IMP at a dosage of 25, 50 or 100 mg·kg À1 to determine the reasonable dosage for the treatment of colitis in mice. Additionally, assuming that the plasma volume is~2.5-3 L in the average adult (Anderson and Anderson, 2002) , this theoretical range of IMP plasma concentration should be 148-370 μM. Considering the fact that the absorption efficacy and the first-pass effect of the intestine and liver usually occur after IMP administration , the concentration of plasma IMP might be far less than the theoretical plasma concentration (148-370 μM). Consistent with our hypothesis, a recent preclinical study showed that the mean plasma concentration of IMP was approximately 2587 ± 365 ng·mL . Similarly, the maximum mean plasma concentration of IMP was~3174 ng·mL À1 (11.8 μM)
after a single dose of i.v. injection of IMP (5 mg·kg À1 ) in healthy beagle dogs (Wang et al., 2012a) . Therefore, the concentration of IMP at used in the present study, 6.25-25 μM, might be within a physiologically relevant range for humans. Indeed, the concentration of 12.5 μM used in the cell model in our present study, which was similar to previously reported physiological concentrations of IMP (10.8 and 11.8 μM), was high enough to stimulate CYP3A4 and MDR1 expression. PXR is a key xenobiotic receptor regulating the metabolism and excretion of both xenobiotics and endobiotics by regulating the expression of drug-metabolizing enzymes and drug transport (Kliewer et al., 2002) . Once activated by a ligand, PXR heterodimerizes with the retinoid X receptor and binds to xenobiotic response elements located in the promoter regions to regulate the expression of PXR target genes (Wang et al., 2012c) . Recently, it has been shown that the expression of PXR and its target genes is strongly associated with the integrity of the intestinal epithelial barrier in the gastrointestinal tract, which plays a key role in the pathogenesis of IBD (Venkatesh et al., 2014; Garg et al., 2016) . In a previous study, MDR1 deficiency impaired mitochondrial homeostasis and promoted intestinal inflammation (Ho et al., 2018) , causing colitis to spontaneously develop in mice (Panwala et al., 1998) . CYP3A4 expression was decreased in inflamed small intestines of children with CD compared with the non-inflamed duodenum (Shakhnovich et al., 2016) . Several polymorphisms in the PXR locus, which alter PXR activity, have contributed to sharp increases in the risk of susceptibility to IBD (Dring et al., 2006; Glas et al., 2011) . Moreover, previous studies have reported a significant decrease in PXR expression and its target genes in the inflamed terminal ileum compared with the non-inflamed duodenum (Dring et al., 2006; Glas et al., 2011; Shakhnovich et al., 2016) , suggesting a role for PXR in the pathogenesis of IBD. Emerging data have consistently revealed that the activation of PXR by naturally occurring components significantly attenuates DSS-induced colitis (Dou et al., 2014; Sehirli et al., 2015) , indicating a curative role of PXR agonists against IBD.
There is limited experimental data on the effects of IMP as a PXR agonist in human cells. A recent report showed that IMP could inhibit the expression of P-gp (MDR1), leading to the promotion of rhodamine 123 accumulation in MDCK-MDR1 (Liao et al., 2016) , an hPXR-deficient human renal cell line, revealing the role of PXR-independent MDR1 regulation. It is possible that other PXR-independent mechanisms are associated with the regulation of MDR1 by IMP, because multiple mechanisms, including tumour suppressor protein p53, hypoxia-inducible factor-1 and epigenetic mechanisms, have been reported to regulate the expression of MDR1 (Chen, 2010) . Consistent with the inhibition of MDR1, IMP was found to directly inhibit the activity of CYP3A4, to a slightly lesser extent, in human/rat liver microsomes (Kimura et al., 2010; Cao et al., 2013) . In contrast, several studies have shown that IMP treatment could increase CYP3A11 activity in mice liver microsomal samples (Kleiner et al., 2008; Wang et al., 2012b) ; however, it was unclear whether its expression was PXR dependent. Consistent with these studies, our results clearly demonstrated that CYP3A4 expression was activated by IMP through a PXR-dependent mechanism. The direct binding of IMP to hPXR-LBD in the TR-FRET competitive assay was an unambiguous indicator that IMP is an hPXP agonist ( Figure 2B) . Furthermore, the molecular docking study for predicting the mode of IMP binding to hPXR-LBD showed that IMP had hydrogenbonding interactions with the residues Lys 210 and Leu 209 in different directions. Taken together, the data show that IMP acts as an hPXR agonist to induce CYP3A4 expression in a PXR-dependent manner. The aetiology of IBD still remains unknown; however, it is generally accepted that an increase in the activity of intestinal pro-inflammatory cytokines such as TNF-α and IL-1β plays an important role in the pathogenesis of IBD (Shah et al., 2007) . It has been reported that NF-κB is a master transcriptional regulator of pro-inflammatory cytokines (Christian et al., 2016) . Mutual crosstalk between PXR and NF-κB might represent a target mechanism for the antiinflammatory properties of PXR (Zhou et al., 2006) . Not only did the activation of PXR inhibit NF-κB activity and the expression of NF-κB target genes but also the activation of NF-κB activity by LPS suppressed PXR activity and its expression, resulting in a decrease in the expression of PXR-mediated downstream target genes. For instance, PCN/rifaximin activation of mouse/human PXR was found to protect against DSSinduced IBD in wild-type or humanized PXR mice, but not in PXR-null mice, via PXR/NF-κB signalling (Shah et al., 2007; Cheng et al., 2010) . NF-κB normally remains bound to the inhibitory protein IκBα in the cytoplasm. Following activation signals such as pro-inflammatory cytokines, IκBα is rapidly phosphorylated and degraded, allowing NF-κB to translocate to the nucleus, where it directly regulates the expression of its target genes (Christian et al., 2016) . It has been reported that IMP decreases LPS-induced inflammation in vitro by inhibiting the expression of NF-κB-mediated proinflammatory genes such as iNOS, COX-2 and TNF-α (Guo et al., 2012; Huang et al., 2012) . Previous studies have also found that IMP significantly inhibits the TNF-α-induced expression of NF-κB target genes by suppressing IκB phosphorylation and NF-κB p65 nuclear translocation (Wang et al., 2017) , indicating that IMP is a potent inhibitor of NF-κB. Moreover, in vivo experiments showed that IMP reduced the expression of cytokines and improved histopathological features by blocking activation of the IκBα/NF-κB pathway Yang et al., 2015) . Consistent with previous reports, we found that IMP markedly decreased the release of LPS-induced pro-inflammatory cytokines by suppressing the activation and nuclear translocation of NF-κB in THP-1 cells, suggesting that IMP is a potent anti-inflammatory reagent. Given that immune cells such as THP-1 are unrelated to PXR signalling, to further explore how and whether IMP-regulated NF-κB suppression affected IMP-mediated PXR activation, we established an LPS-induced LS174T cell inflammation model that displayed endogenous PXR signalling. In the present study, like in THP-1 cells, we consistently found that IMP significantly inhibited NF-κB activity by blocking NF-κB p65 nuclear translocation in LS174T cells. This attenuating effect of IMP was partiality lost in cells where the expression of PXR was silenced, suggesting an essential role of PXR in the effects of IMP. Consistent with the in vitro data, our in vivo data showed that IMP treatment activated mPXR (Nr1i2) signalling and inhibited the NF-κB p65-regulated pro-inflammatory pathway, resulting in a reduced production of pro-inflammatory cytokines (TNF-α and IL-1β). Taken together, our results show that IMP exerts a strong anti-inflammatory effect by an effect on the PXR/NF-κB signalling pathway.
In summary, this is the first study to demonstrate a protective effect of IMP on DSS-induced mouse colitis. The antiinflammatory mechanisms of IMP are potentially associated with the activation of PXR and the inhibition of NF-κB-mediated pro-inflammatory signalling.
